The transcriptional transactivator (Tas) of simian foamy virus type 1 strongly augments gene expression directed by both the promoter in the viral long terminal repeat and the newly discovered internal promoter located within the env gene. A region of 121 bp, located immediately 5' to the TATA box in the internal promoter, is required for transactivation by Tas. The present study aimed to identify the precise Tas-responsive target(s) in this region and to determine the role of Tas in transcriptional regulation. By analysis of both clustered-site mutations and hybrid promoters in transient expression assays in murine and simian cells, two separate sequence elements within this 121-bp region were shown to be Tas-dependent transcriptional enhancers. These targets, each <30 bp in length and displaying no apparant sequence homology one to the other, are designated the promoterproximal and promoter-distal elements. By means of the gel electrophoresis mobility-shift assay, using purified glutathione S-transferase-Tas fusion protein expressed in Escherichia coli, the target proximal to the TATA box exhibited strong binding to glutathione S-transferase-Tas, whereas the distal element appears not to bind. In addition, footprint analysis revealed that 26 bp in the promoter proximal element was protected by glutathione S-transferase-Tas from DNase I. We propose a model for transactivation of the simian foamy virus type 1 internal promoter in which Tas interacts directly with the proximal target element positioned immediately 5' to the TATA box. In this model, Tas attached to this element is presumed to interact with a component(s) of the cellular RNA polymerase II initiation complex and thereby enhance transcription directed by the viral internal promoter.
env gene. A region of 121 bp, located immediately 5' to the TATA box in the internal promoter, is required for transactivation by Tas. The present study aimed to identify the precise Tas-responsive target(s) in this region and to determine the role of Tas in transcriptional regulation. By analysis of both clustered-site mutations and hybrid promoters in transient expression assays in murine and simian cells, two separate sequence elements within this 121-bp region were shown to be Tas-dependent transcriptional enhancers. These targets, each <30 bp in length and displaying no apparant sequence homology one to the other, are designated the promoterproximal and promoter-distal elements. By means of the gel electrophoresis mobility-shift assay, using purified glutathione S-transferase-Tas fusion protein expressed in Escherichia coli, the target proximal to the TATA box exhibited strong binding to glutathione S-transferase-Tas, whereas the distal element appears not to bind. In addition, footprint analysis revealed that 26 bp in the promoter proximal element was protected by glutathione S-transferase-Tas from DNase I. We propose a model for transactivation of the simian foamy virus type 1 internal promoter in which Tas interacts directly with the proximal target element positioned immediately 5' to the TATA box. In this model, Tas attached to this element is presumed to interact with a component(s) of the cellular RNA polymerase II initiation complex and thereby enhance transcription directed by the viral internal promoter.
Foamy viruses, members of the spumavirus genus of retroviruses, have complex genomes encoding virion structural genes, a transcriptional transactivator, and one or two additional open reading frames (ORFs) of undefined function (1) (2) (3) . Human foamy virus (HFV) and the simian foamy viruses (SFVs) contain two promoters for initiation of viral transcription. One promoter is located in the 5' long terminal repeat (LTR) and produces the full-length viral transcript, which is the precursor to spliced subgenomic transcripts (4) . Another promoter is embedded in sequences within the 3' portion of the envelope gene and thus directs transcription of the viral transactivator and the ORF(s) (5-7). The transactivator has been designated taf for SFV (8, 9) and bel-i for HFV (10, 11) .
At the First International Foamy Virus Meeting (November 1994, London), it was recommended that taf and bel-i be designated tas (transactivator of spumavirus).
Transient expression assays in several cell types have revealed that SFV and HFV transcriptional transactivator (Tas) transactivates both the homologous viral LTR and the internal promoter. Transactivation is mediated through target elements in the U3 domain of the LTR (9, (12) (13) (14) (15) and sequences immediately 5' to the TATA box in the internal promoter (5, The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. 6 ). Differential use of the LTR and internal promoter for initiating RNA synthesis appears to be a means of temporal regulation of foamy virus gene expression (16) . Gaps in knowledge are the precise target sequences in the internal promoter for Tas activity and the mechanism of this transactivator in augmenting initiation of viral transcripts. Accordingly, this report is focused on elucidating the mechanism of SFV-1 transactivation of the internal promoter by analysis of mutant and hybrid promoters in transient expression assays and by studies on the binding of Tas to DNA sequences in the viral genome. We have determined the sequences of two target elements, located 5' to the TATA box in the internal promoter, that are required for Tas-mediated transactivation. Each of these target elements exhibits the properties of a transcriptional enhancer element. Importantly, we have shown that Tas binds directly to a target sequence proximal to the TATA box in the internal promoter. Thus, this study demonstrates that a retroviral regulatory protein functions through a direct interaction with viral DNA target sequences to enhance transcriptional initiation.
MATERIALS AND METHODS
Plasmid Constructions. The clone pS1IP-5 contains the internal promoter of SFV-1 upstream of the chloramphenicol acetyltransferase (CAT) reporter gene (6) . This plasmid, provided by Mel Campbell (Department of Medical Pathology, University of California, Davis) served as the parent clone for mutagenesis. To define the Tas-responsive element, clusteredsite mutations (16 bp) were introduced into the internal promoter by replacing DNA fragments within the 121 bp of the previously defined Tas-responsive element (6) with mutated oligonucleotides using convenient restriction sites, including Asp-718, HindIll, and BamHI in pS1IP-5. Plasmids for analysis of enhancer properties were constructed by cloning synthetic oligonucleotides containing the Tas-responsive sequence elements into the pCAT promoter vector (Promega) upstream of the simian virus 40 (SV40) basal promoter (without the SV40 enhancer element) in the sense or antisense orientations. Oligonucleotides were synthesized on the Gene Assembler from Pharmacia. The Tas expression vector pSV-Tas (formerly pSV-Taf), containing the SV40 early promoter directing expression of the SFV-1 tas gene for the transient expression assays in mammalian cells, has been described (8 product of the full-length of tas into the same translation frame as the gst gene in the vector pGEX-2T (Pharmacia); the Sma I and EcoRI sites at the 3' end of gst were used for inserting tas into this vector. GST-Tas fusion protein was purified by affinity chromatography as described (17) . Immunoblot analysis with sera from rabbits immunized with synthetic Tas peptides was done to measure GST-Tas expression in the bacterial host and to monitor the purification procedure (J.X.Z. and P.A.L., unpublished results). Gel electrophoretic mobility-shift assays were done as described (18, 19) . For this binding assay, synthetic double-stranded oligonucleotides or DNA restriction enzyme fragments were end-labeled with 32p in a reaction with T4 DNA polymerase. Purified GST-Tas was incubated with 32P-end labeled oligonucleotides or DNA fragments in a binding buffer (10 mM Tris-Cl (pH 7.5)/65 mM KCl/2.5 mM MgCI2/l mM dithiothreitol/5% glycerol) con- Footprinting by the DNase I Protection Method. The DNase I protection assay for identifying nucleotides in viral target elements binding Tas was done as described (18, 20) . Briefly, probes were prepared by digesting the plasmid pMl (see Fig.  2 ) with Bgl II and BamHI to produce ends for labeling the noncoding and coding strand, respectively. Overhangs created by these restriction enzyme digestions were filled by incubation with T4 DNA polymerase [a-32P] dGTP and nonradioactive dCTP, dATP, and dTTP. Each radiolabeled DNA fragment was incubated with GST-Tas fusion protein for 30 min at room temperature in binding buffer containing 4 mM Tris HCl pH 7.9, 1 mM EDTA, 1 mM dithiothreitol, 50 mM KCI, 2 jig of sheared calf thymus DNA, and 12% (vol/vol) glycerol. The protein-bound DNA fragment was cleaved with 1.5 ng of DNase I (Worthington) for 2 min, extracted with phenol/ chloroform, and electrophoresed on an 8% polyacrylamide gel under denaturing conditions. Cell Culture and Transient Expression Assay. NIH 3T3 (mouse fibroblast), Vero (African green monkey kidney fibroblast), and COS-7 (SV40-transformed African green monkey fibroblast) cells were grown and prepared for transfecton with plasmids as described (6) . Both NIH 3T3 and COS-7 cells were transfected with 2 jig of reporter plasmid expressing Cat and 4 jig of either pSP65 (control) or pSV-Tas using the transfection reagent DOTAP according to the protocol provided by the manufacturer (Boehringer Mannheim). Transfections of Vero cells were done with 0.5 jig of reporter plasmid and 1 (Fig. 1) . Both elements exhibit no apparent sequence homology to each other.
To examine enhancer properties of these two target elements, oligonucleotides representing each of these elements (8250-8300 for the distal element and 8301-8350 for the proximal element) were cloned upstream of the SV40 basal promoter, lacking an enhancer, in the pCAT vector. Transient expression assays in NIH 3T3 and Vero cells, involving cotransfection of pSV-Tas and each reporter plasmid, revealed that levels of CAT expression were enhanced 4-to 16-fold for each orientation of the distal or proximal elements positioned 5' of the SV40 basal promoter (Table 2) . Thus, both the distal and the proximal elements function as transcriptional enhancers that depend on Tas. These transfection experiments, with the proximal and the distal elements each cloned into the pCAT vector, also demonstrate that SFV-1 Tas functions through two distinct target sequences.
Interactions of Transactivation Response Elements with Tas. To test for interactions between the elements required for transactivation and Tas, binding studies were performed with the fusion protein GST-Tas expressed in E. coli and purified by affinity chromatography (17) . Purity of the GST-Tas fusion protein was estimated as >90% by Coomassie blue staining of polyacrylamide gels, in which GST-Tas was electrophoresed under denaturing conditions (data not shown). The GST-Tas fusion protein reacted specifically with rabbit antibodies to synthetic Tas peptides but not with preimmune sera (data not shown). Specificity of the antibody was determined by an immunoblot using GST proteins; antibodies to Tas peptides failed to react with GST (data not shown).
In the gel electrophoretic mobility-shift assay, GST-Tas bound strongly to the proximal element, whereas binding to the distal element was not detected (Fig. 2A) . Recognition of this element by GST-Tas was not attributed to the GST portion because the fusion protein containing GST and SIV Vif, GST-Vif, failed to bind (Fig. 2B) . The binding specificity of Tas was further explored by competition experiments and by assessing its interactions with mutant oligonucleotides. Attachment of GST-Tas to the proximal element was competed by unlabeled oligonucleotides representing this element and not by oligonucleotides representing the distal element (data not shown). In addition, GST-Tas did not bind a mutated proximal element oligonucleotide containing the same mutations as M5 (data not shown); the MS mutations in pS1IP-5 ( Fig. 1) caused a 40% reduction of CAT activity compared with wild-type target (i.e., pS'IP-5) in transient expression assays (Table 1) . Thus, the transactivator of SFV-1 (Tas) interacts directly and specifically with the target element proximal to the TATA box.
Viral DNA Sequences, Proximal to the TATA Box in the Internal Promoter, Recognized by Tas. The DNase I protection method is a means to define precise nucleotides involved in protein-DNA interactions. Sequences binding GST-Tas were identified in both DNA strands by using a restriction enzyme fragment encompassing the Tas-responsive region located 5' from the TATA box in the internal promoter. GST-Tas protected a region of 26 nt of coding strand sequence (5'-TTGCAATCACTGGAAATAGAAGTTAC-3') ( Fig. 3) . pCAT/D-S 10 13 pCAT/D-AS 16 6 pCAT/P-S 7 4 pCAT/P-AS 7 4 Oligonucleotides representing each of these elements (8250-8300 for the distal element and 8301-8350 for the proximal element) were cloned upstream of the SV40 basal promoter (labeled SV40-prm), lacking an enhancer, in the pCAT vector. S designates sense and AS designates antisense orientation of the proximal and distal elements relative to the SV40 promoter. These reporter plasmids were cotransfected with the Tas expression vector (pSV-Tas) into NIH 3T3 and Vero cells and analyzed for responsiveness (i.e., fold-activation) to Tas in transient expression assays.
This sequence corresponds to the promoter proximal element that was demonstrated to be a target for transactivation by Tas in transient expression assays in which clustered-site mutations in the SFV-1 internal promoter and hybrid promoters with SFV-1 DNA inserts were analyzed ( Fig. 1 and Tables 1 and 2 ).
Additional binding and transactivation studies were done to fully validate the importance of this 26-bp sequence within the proximal element. Double-stranded oligonucleotides representing the 26-bp element were synthesized and shown to bind GST-Tas in the gel electrophoretic mobility-shift assay, whereas clustered-site mutations changing 6 bp in this 26-bp sequence prevented binding to GST-Tas (Fig. 4) . (Fig. 3) or a 32P-end-labeled mutated oligonucleotide was incubated with purified GST-Tas fusion protein for the gel electrophoretic mobility-shift assay. For this mutation (Mu), positions 8339-8344 (TTGCAA) were changed to GGTACC (see Fig.  1 ). All oligonucleotides are double-stranded. Bottom (Fig. 1) . It is possible that a cellular factor interacts directly with the distal element. Because of the juxtaposition of the proximal element to the TATA box, we hypothesize that Tas mediates transactivation by interacting with a component(s) of the cellular RNA polymerase II initiation complex (22) .
Elucidation of the mechanism of foamy virus transcriptional transactivation will require a detailed understanding of functional domains of Tas. Sequence alignments reveal 40% amino acid sequence homology between Tas of SFV-1 and HFV. Moreover, these transactivators function through target sequences within the homologous virus but not through targets in the heterologous virus (6) . SFV-1 Tas contains N-terminal and C-terminal activation domains and a large central portion with a nuclear localization sequence and presumably a DNAbinding domain (23) . For HFV Tas, the C-terminal portion is an activation domain (24, 25) , whereas the N-terminal portion appears dispensible for transactivation (26) (27) (28) . The middle portion of HFV Tas also contains a nuclear localization sequence (29) and has been shown to influence multimerization (30 (5, 14, 15 ). These observations suggest that the mechanism of transactivation of the LTR and internal promoter is different. During viral infection, transcripts directed by the internal promoter are detected in the early stage of replication, before transcripts initiated in the LTR (16) . Accordingly, in a proposed model, the internal promoter is essential for providing sufficient quantities of Tas in the early stage of viral infection to switch on the LTR and thereby initiate synthesis of transcripts for viral structural genes (3) . The results of studies in this report can be integrated into such a model of temporal regulation by presuming that Tas, initially produced from basal transcription of the internal promoter, acts on target elements in this promoter to augment its own synthesis (i.e., autoregulation). Whether Tas acts directly or through cellular factors recognizing target elements in the U3 portion of the LTR remains to be determined. Moreover, analysis of the transcription patterns of viruses with mutations in target elements for Tas (i.e., in the U3 domain of the LTR and in the internal promoter) is required to validate this model of temporal regulation. Such studies may provide insight on molecular mechanisms governing foamy virus persistence in the infected host.
